Objective: To investigate the relationship between brain volume and disability worsening over ≥3 years in the natural history of primary progressive multiple sclerosis using data from the placebo group of the INFORMS trial (n = 487; clinicaltrials.gov NCT00731692). Methods: Magnetic resonance imaging scans were collected annually. Brain volume loss was determined using SIENA. Patients were stratified by baseline normalized brain volume after adjusting for demographic and disease-burden covariates. Results: Baseline normalized brain volume was predictive of disability worsening: Risk of 3-month confirmed disability progression was reduced by 36% for high versus low baseline normalized brain volume (Cox's model hazard ratio 0.64, P = 0.0339; log-rank test: P = 0.0297). Moreover, on-study brain volume loss was significantly associated with disability worsening (P = 0.012) and was evident in patients with or without new lesions or relapses. Brain volume loss depended significantly on baseline T2 lesion volume (P < 0.0001). Despite low inflammatory activity at baseline (13% of patients had gadolinium-enhancing lesions) and throughout the study (mean 0.5 new/enlarging T2 lesions and 172 mm 3 T2 lesion volume increase per year), baseline T2 lesion volume was substantial (mean 10 cm 3 ). Lower normalized brain volume at baseline correlated with higher baseline T2 volume and older age (both P < 0.0001). Interpretation: Baseline brain volume and the rate of ongoing brain atrophy are significantly associated with disability worsening in primary progressive multiple sclerosis. Brain volume loss is significantly related to baseline T2 lesion volume, but partially independent of new lesion activity, which might explain the limited efficacy of anti-inflammatory treatment. 
Introduction
The INFORMS study evaluated the effect of fingolimod 0.5 mg versus placebo on disability progression in patients with primary progressive multiple sclerosis (PPMS) treated for at least 3 years. 1 Patients recruited to the INFORMS study had low inflammatory MRI activity at baseline and on study, a low on-study relapse rate, and a high on-study progression rate. Despite the low level of inflammatory activity, approximately 80% of the INFORMS population experienced a 3-month confirmed disability progression. Although fingolimod significantly reduced inflammatory activity relative to placebo, the composite primary efficacy endpoint of disability progression was not met, indicating that fingolimod's anti-inflammatory effects did not slow disease worsening in PPMS. This observation suggests that concurrent inflammatory disease activity as measured by new lesion formation on brain MRI is not the primary mechanism of disability progression in PPMS.
Many studies in relapse-onset multiple sclerosis (RMS) found a relationship between brain volume loss and disability worsening. [2] [3] [4] [5] Moreover, patients with RMS and a small normalized brain volume are significantly more likely to worsen over 4 years than patients with large normalized brain volume but otherwise similar baseline characteristics. 6 Fingolimod reduced the risk of disability worsening in relapsing-remitting MS (RRMS) and consistently reduced brain volume loss by more than 30% compared with placebo or interferonbeta in three randomized, controlled clinical trials. [7] [8] [9] In PPMS, however, fingolimod treatment did not reduce disability worsening or brain volume loss, perhaps suggesting differences in pathogenesis of both disability progression and brain volume loss between RRMS and PPMS. 1 The question arises whether normalized brain volume and brain volume loss are associated with disability progression in PPMS. An association between brain volume loss and the clinical disease course would support the value of brain volume loss as a surrogate measure of disability progression in this clinical subgroup.
The INFORMS placebo group provides a selected "natural history" population of PPMS patients with ≥3 years of on-study assessment. The present analysis aimed to (1) describe differences between untreated PPMS patients with a stable, moderate, or severe clinical disease course as measured by EDSS, (2) investigate the predictive value of normalized brain volume for clinical decline in untreated PPMS, and (3) investigate the relationship between previous and concurrent inflammatory lesion activity, brain volume loss, and clinical decline.
Methods
The INFORMS study Key inclusion criteria for INFORMS were a clinical diagnosis of PPMS, disease duration 2-10 years, and objective evidence of disability progression in the past 2 years.
1 At baseline, the placebo population (n = 487) had a median age of 49 years, median of 5.7 years since onset of symptoms, median Expanded Disability Status Scale (EDSS) 10 score of 4.5; and 13% of patients had gadolinium-enhancing T1 (Gd+) lesions. Over the ≥3-year course of the study, there was a mean of 0.5 new/enlarging T2 lesions per patient per year, and 8% of patients experienced a relapse. 1 The study found no significant difference between fingolimod 0.5 mg and placebo for the composite primary endpoint, 3-month confirmed disability progression according to worsening of any one of: EDSS, 25-foot timed-walk test (25'TWT), 11 or nine-hole peg test (9-HPT). 11, 12 The study was carried out in accordance with the International Conference on Harmonisation Guidelines for Good Clinical Practice and the Declaration of Helsinki. 13, 14 The protocol, patient information, and consent forms were approved by the relevant institutional review boards, and all patients gave written informed consent.
Magnetic resonance imaging
Magnetic resonance imaging (MRI) scans were collected at baseline and annually thereafter and were analyzed at a central facility (Queen Square MS Centre, University College London Institute of Neurology, London, UK). The analyses reported here used MRI data processed and presented in the original report of the trial. 1 Lesions were identified by visual review of scans by trained readers. T2 lesion volumes were measured on 2D proton densityweighted fast/turbo spin echo images using a semiautomated contouring tool within JIM image analysis software. Normalized brain volume and percent brain volume change were derived using SIENAX and SIENA methods, respectively, applied to 2D T1-weighted images.
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Prespecified statistical analyses of normalized brain volume and on-study disability worsening
The following analyses were defined prior to the unblinding of the INFORMS database. Results for the placebo group are reported. The normalized brain volume at baseline was analyzed in a multiple regression model with age, gender, baseline T2 lesion volume, baseline EDSS, and duration of MS since first symptoms as explanatory parameters, similar to a model previously used in RMS. 6 The parameters tested were previously identified as significant predictors of brain volume in studies of patients with RMS. 5 The results of this statistical model were incorporated into the model that was used to predict brain volume in patients with PPMS:
where a = model intercept; b = coefficient for baseline T2 volume; c = coefficient for EDSS; d = coefficient for age; e = coefficient for duration of PPMS; and f = coefficient for gender. Patients were categorized into low, expected, and high strata according to the baseline distribution of the residuals from the model fit (i.e., the difference between the observed and the model-predicted normalized brain volume): low, ≤À1 standard deviation (SD); high, ≥1 SD; expected, within 1 SD of the mean. The predictive value of this categorization of baseline normalized brain volume for on-study disability worsening was then tested in a Cox regression model and in a stratified logrank test.
Percentage brain volume loss was modeled in a predefined random coefficient model based on all data (only the placebo data are reported here). The predefined model included treatment, baseline T2 volume, baseline number of Gd+ lesions, baseline normalized brain volume, and geographical region as fixed effects. T2 lesion volume and number of Gd+ lesions were included in this model based on a previous model selection conducted in three RRMS studies. 5 Post hoc analysis of clinical outcomes by severity of the disease course
Patients' clinical disease course during the study was categorized according to the incidence of 3-month confirmed EDSS progression, defined as increase from baseline EDSS score by 1 point in patients with baseline EDSS score of ≤5.0, or by 0.5 points in patients with baseline EDSS score of ≥5.5. The stable group had no confirmed progressions over the course of the study, the moderate group had one confirmed progression, and the severe group had ≥2 confirmed progressions. As a 3-month confirmed EDSS progression is by definition a clinically meaningful disease worsening, grouping patients by the number of 3-month confirmed EDSS progressions experienced in a comparable timeframe (the study duration), stratifies patients by severity of the clinical disease course. Clinical and MRI outcomes were then summarized over the course of the study for placebo patients with a stable, moderate, and severe disease course.
Results
Baseline characteristics by severity of onstudy disability worsening in the placebo group Of the total 487 patients in the placebo group, 86, 154, and 247 patients were classified as severe, moderate, and stable, respectively, according to on-study EDSS disability worsening. Several differences in baseline characteristics were observed between the severe group compared with the moderate and stable groups ( Table 1) . Baseline Gd+ lesions were uncommon overall, with the greatest frequency observed in the severe group. Moreover, the severe group was on average slightly younger, with shorter time since diagnosis, greater mean T2 lesion volume, and greater normalized brain volume than the other groups. Men and women were equally represented in the moderate and stable groups; however, there were more men in the severe group. Median follow-up in severe, moderate, and stable patients was 3.7, 3.2, and 3.0 years, respectively.
Clinical and MRI outcomes by severity of onstudy disability worsening in the placebo group
Change from baseline in each of the three elements of the composite endpoint was directionally consistent with the three categories of disability worsening: stable, moderate, and severe ( Fig. 1 ). Inflammatory activity manifested by the number of new or enlarging T2 lesions was low in all groups; the annual rate of new/enlarging T2 lesions between baseline and Month 36 was 0.79, 0.44, and 0.44 in the severe, moderate, and stable groups, respectively. Low inflammatory activity was also reflected in the T2 lesion volume change; in the overall placebo group, the mean change in T2 lesion volume was 127 mm 3 in the first year (median 0 mm 3 ), and 172 mm 3 per year over 3 years (median À14 mm 3 ). The mean brain volume change from baseline in the placebo group was À0.55% (AESD 0.665) to Year 1, À1.04% (AE1.017) to Year 2, and À1.50% (AE1.192) to Year 3. The rate of brain volume loss was clearly distinct between severe, moderate, and stable patients (Fig. 2) . The difference was sustained even in the subgroup of patients without evidence of on-study inflammatory activity, defined as the absence of relapses and the absence of new or enlarging T2 lesions during the study ( Fig. 2A) . Over 3 years, among patients without evidence of on-study inflammatory activity, mean loss of brain volume was 1.65% (AESD 1.26), 1.54% (AE1.27), and 1.14% (AE0.87) in the severe, moderate, and stable groups, respectively. These values translate to a loss of 0.55%, 0.51%, and 0.38% per year respectively. Patients with evidence of inflammatory activity during the study lost numerically more brain volume than those without (Fig. 2B) ; over 3 years mean loss of brain volume was 2.05% (AE1.67), 1.72% (AE1.30), and 1.34% (AE0.85) in the severe, moderate, and stable groups, respectively. These values translate to a loss of 0.68%, 0.57%, and 0.45% per year, respectively. Only in the subgroup with no on-study inflammatory activity and no confirmed progressions (28% of the placebo population) did the annualized rate of brain volume loss (0.38%) approach the proposed cutoff that separates pathologic from physiologic rates of brain volume loss (0.37% per year). 16 All the other disease course subgroups had higher rates of brain volume loss.
Correlates of baseline normalized brain volume
In a prespecified analysis of the INFORMS study, baseline correlates of low normalized brain volume were investigated in the entire study population (before first dose, irrespective of treatment allocation) using the same multiple regression model and covariates previously used in RMS (Table 2 ). 6 The model explained 26% of the total variability in normalized brain volume. Low normalized brain volume at baseline was best correlated with high baseline T2 volume and older age (both P < 0.0001).
Baseline normalized brain volume as a predictor of on-study disability worsening in the placebo group Baseline normalized brain volume adjusted for age, gender, baseline T2 lesion volume, baseline EDSS, and duration of MS was predictive of disability worsening during the study. Across all patients, there was a marginally significant association between a low normalized brain volume and the risk of 3-month confirmed disability progression based on the composite endpoint (Coxmodel, type-3 test, P = 0.0790; log-rank test, P = 0.0791). Patients with a high baseline normalized brain volume had a significantly lower risk of disability worsening than patients with a low baseline normalized brain volume (Cox's model hazard ratio [high vs. low category]: 0.64, P = 0.0339; log-rank test: P = 0.0297; Fig. 3 and Table 3 ). A similar but nonsignificant trend was seen using the EDSS-only endpoint instead of the composite endpoint (data not shown).
Correlates of on-study brain volume loss in the placebo group
On-study brain volume loss was significantly associated with the risk of disability worsening across all patients (P = 0.012; Fig. 4 ). Based on Month 24 scans, the greatest brain volume loss quartile showed a 32% relative increase in incidence of confirmed disability progression compared with the lowest brain volume loss quartile (P = 0.0025; Fig. 4) . In a predefined random coefficient model, percentage brain volume loss depended strongly on baseline T2 volume (P < 0.0001), but not on the other fixed effects in the model (all other P values were nonsignificant). The effect of baseline T2 lesion volume on brain volume loss in the subgroup that was free of baseline Gd+ lesions is illustrated in Figure 5A . The annualized rate of brain volume loss was 0.27%, 0.40%, 0.43%, and 0.70% in the <0.8, 0.8-<3.5, 3.5-12, and >12 cm 3 baseline T2 lesion volume groups, respectively. A similar pattern was observed using baseline T2 volume quartiles (data not shown). Rate of brain volume loss also tended to increase with the number of Gd+ lesions at baseline, although this was not statistically significant (P = 0.145; Fig. 5B ), perhaps due to the small number of patients with Gd+ lesions at baseline. The annualized rate of brain volume loss was 0.47%, 0.63%, 0.70%, and 1.33% in the 0, 1, 2-3, and ≥4 baseline Gd+ lesion groups, respectively.
Discussion
Patients in the INFORMS trial exhibited very low levels of inflammatory activity at baseline and throughout the trial. Low inflammatory MRI activity together with the observed low relapse rate is consistent with the currently accepted definition of PPMS. [17] [18] [19] Despite the low level of inflammatory activity at the time of inclusion and thereafter, patients had a substantial T2 lesion volume at baseline, indicating previous inflammatory activity, and a high progression rate on-study, with accelerated brain volume loss. The clinical disease course was well reflected in the rate of brain volume loss, which was most rapid in the severe subgroup who experienced ≥2 confirmed progressions and least rapid in the stable subgroup who experienced no confirmed progressions. These results confirm a relationship between brain volume loss and disability 
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This analysis was prespecified before database lock and includes the entire study population (before first dose, irrespective of treatment allocation) using the same multiple regression model and covariates previously used in RMS. 6 Log-rank p=0.0297 Figure 3 . Predictive value of baseline normalized brain volume for on-study disability worsening in the placebo population. Kaplan-Meier curves of low, expected, and high baseline normalized brain volume for cumulative probability of 3-month confirmed disability progression over 4 years (composite endpoint). Normalized brain volume was predicted according to the covariates described in Table 2 worsening in PPMS, consistent with findings in RMS. [2] [3] [4] [5] The relationship between brain volume loss and disability worsening was sustained even in the absence of on-study inflammatory activity, defined as new or enlarging T2 lesions or relapses. These results suggest that a notable component of brain volume loss and disease worsening in PPMS is independent of concurrent inflammatory activity. Baseline normalized brain volume and on-study brain volume loss were both strongly dependent on the baseline T2 lesion volume, consistent with previous findings from three RRMS studies in the fingolimod program. 5 Likewise consistent with findings from RRMS, 6 a small normalized brain volume at baseline-in relation to the patient's age, gender, and MS disease characteristics-was a significant predictor of on-study disease worsening over 3 years. The results suggest that brain atrophy and on-study disability progression in PPMS patients in INFORMS were to some extent explained by lesion activity which had occurred prior to study entry.
A key feature of this study is the insight it provides into the natural history of PPMS based on a large placebo cohort, albeit in a selected population from a randomized controlled trial. Fingolimod did not slow disability worsening in INFORMS, but it did significantly reduce inflammatory activity by 73% for number of new or newly enlarging T2 lesions and by 78% for number of Gd+ lesions, as previously reported. 1 Because the benefit/risk of fingolimod in the INFORMS study did not support the development of fingolimod in PPMS, we see no need to further explore its effects. However, a post hoc pooled analysis on the entire INFORMS dataset (fingolimod and placebo) showed essentially similar results as reported here for on-study brain volume loss and disability worsening. 20 The baseline T2 volume in the placebo group of INFORMS (mean 10.0 cm 3 ; median 5.3 cm 3 ) 1 was in the range of that reported in other large PPMS trials (mean 10.9 cm 3 ; median 6.2 cm 3 in ORATORIO and mean 8.8 cm 3 ; median 5.2 cm 3 in OLYMPUS). 21, 22 The substantial baseline T2 lesion volume may be contrasted with the low observed on-study activity. In the placebo population of INFORMS, the mean increase in T2 lesion volume was 172 mm 3 per year (median À14 mm 3 ). At this mean rate of lesion load increase, assuming a linear accumulation rate at the population level, it would require 58 years to arrive at the observed mean baseline T2 lesion volume; yet the median onset of MS from first symptoms was only 5.7 years. A similar disparity was evident in the ORATORIO trial. 21 There is an apparent quantitative disconnect in many patients with PPMS between the low rate of T2 volume increase observed on study, and the substantial T2 lesion volume already present at study entry. One possible explanation could be periods of asymptomatic inflammation at younger age, before clinical onset and diagnosis. Direct evolution from a radiologically isolated syndrome to symptomatic PPMS has been recently reported. 23 Consistent with the concept of an earlier, more inflammatory disease phase, we found that the proportion of patients with active lesions is greatest in the youngest PPMS patients and decreases gradually with older age, a pattern that is well known from RMS. 24 A phase of higher but asymptomatic lesion activity would also explain why PPMS patients have a higher average age at diagnosis than RRMS patients. A higher level of inflammation followed by a decline is consistent with the observation that inflammatory activity declines over the course of PPMS after diagnosis. 25 Another possible contributory factor in the disconnect between T2 volume and on-study inflammatory activity could be a "regression to the mean" during the study from a previous well-documented phase of active progression, mandated by the inclusion criteria, during which subclinical inflammatory activity may also have been above average. Additionally, the disparity might be increased if the T2 volume includes some lesions of ischemic origin rather than demyelinating lesions due to MS.
In a predefined analysis, we identified baseline T2 lesion volume as the best predictor of on-study brain volume loss in the INFORMS trial among the set of tested variables. Only the subgroup with a small baseline T2 lesion volume who were free of baseline Gd+ lesions exhibited brain volume loss below a recently proposed cutoff separating pathologic from physiologic rates of brain volume loss (0.37% per year). 16 Brain volume loss increased gradually in patients who were categorized by increasing baseline T2 lesion volume. This relationship was sustained in patients who were free of Gd+ lesions at baseline.
The risk of disability progression in INFORMS was numerically greater in the subgroup of patients with Gd+ lesions at baseline (13%) than in patients without Gd+ lesions at baseline. 24 Likewise, the treatment effect of fingolimod was numerically but not statistically significantly stronger in the subgroup with baseline Gd+ lesions than in the subgroup without baseline Gd+ lesions. 24 Similar results for disability progression and a dependence of the treatment effect on the presence of Gd+ lesions were seen in the OLYMPUS and ORATORIO trials. 21, 22 A mechanism that could link lesion load with ongoing brain volume loss would be continued axonal loss within longstanding white matter lesions, for example, due to effects of low-grade intrinsic CNS inflammation, mitochondrial dysfunction, and energy failure in demyelinated axons. 26 However, there may also be pathological factors other than white matter lesion load that contribute to ongoing brain volume loss (and disability progression) in PPMS. Meningeal inflammation, cortical demyelination and neurodegeneration, 27 and inflammation and axonal loss in the normal appearing white matter 28 have all been reported in PPMS. Resolution of an earlier phase of inflammation-derived edema might also contribute to brain volume loss. 25, 29 The analyses of brain volume loss reported here for the placebo group of the INFORMS study might be useful for the design of future Phase 2 trials of neuroprotective agents in PPMS. Brain volume loss has potential as a primary endpoint in such studies. Based on the brain volume loss and the standard deviation observed in placebo patients from INFORMS, and assuming a 40% relative treatment effect, a total sample size of 280 patients (i.e., 140 per arm using a parallel-group, placebo-controlled design) would be required for a 1-year trial, or 188 patients (94 per arm) for a 2-year trial with brain volume loss as the primary endpoint.
Overall, the results of INFORMS suggest that brain volume loss in PPMS is an important predictor and surrogate of clinical worsening. The T2 lesion burden at study entry is one factor that can be clearly linked to the rate of on-study brain volume loss and disease progression, while new inflammatory activity seems to play a relatively minor role. Overall brain volume loss effect p=0.012* Figure 4 . Correlation between on-study brain volume loss and on-study disability worsening in the placebo population. Brain volume loss quartiles were derived from the Month 24 scan. Pairwise P values were obtained from a chi-square test based on a logistic regression model with the brain volume loss category as the only factor. *The P-value for "brain-volume-loss effect" is a type-3 test from a logistic regression model with brain volume loss as the only explanatory factor; a significant P-value indicates association between brain volume loss and the risk of disability progression. Q, quartile. 
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